Introduction
Studies of vegetation structure and of correlations between vegetation and environment traditionally have been conducted at a single scale of observation; that is, employing one quadrat size and sampling one extent of area. However, if different ecological processes are dominant at different spatial and temporal scales, the interpretation that the ecological observer places on the vegetation pattern will be highly dependent on the scale of observation employed (Allen & Starr 1982; Allen, O'Neill & Hoekstra 1984; Wiens 1986; Palmer 1990a) . For this reason it is important to know whether the processes that determine community structure at different scales are similar, and if not, how and under what circumstances the dominant processes change with scale of observation.
The critical importance of scale of observation for ecological studies has been illustrated by numerous investigations representing many aspects of ecology. These include patterns of species abundance (Hairston 1959) , interspecific associations (Fekete & Szöcs 1974) , population density and community composition (GreigSmith 1952 , Wiens 1986 , and species richness (Shmida & Wilson 1985; Auerbach & Shmida 1987; Palmer 1990b) . This wide recognition of the importance of scale has led to a search for an appropriate theoretical framework for studies of spatial scale (e.g. Allen, O'Neill & Hoekstra 1984; Levin 1988; O'Neill 1989; Allen & Hoekstra 1990; O'Neill et al. 1991) , and specifically to the introduction of the concepts of grain and extent as Abstract. Vegetation and its correlation with environment has been traditionally studied at a single scale of observation. If different ecological processes are dominant at different spatial and temporal scales, the results obtained from such observations will be specific to the single scale of observation employed and will lack generality. Consequently, it is important to assess whether the processes that determine community structure and function are similar at different scales, or whether, how rapidly, and under what circumstances the dominant processes change with scale of observation. Indeed, early work by Greig-Smith and associates (Greig-Smith 1952; Austin & Greig-Smith 1968; see Greig-Smith 1979; Kershaw & Looney 1985; Austin & Nicholls 1988) suggested that plantplant interactions are typically important at small scales, but that the physical environment dominates at large scales.
Using a gridded and mapped 6.6 ha portion of the Duke Forest on the North Carolina piedmont for a case study, we examined the importance of scale in vegetation studies by testing four hypotheses. First, we hypothesized that the correlation between vegetation composition and environment should increase with increasing grain (quadrat) size. Our results support this hypothesis. Second, we hypothesized that the environmental factors most highly correlated with species composition should be similar at all grain sizes within the 6.6-ha study area, and should be among the environmental factors strongly correlated with species composition over the much larger extent of the ca. 3500 ha Duke Forest. Our data are not consistent with either portion of this hypothesis. Third, we hypothesized that at the smaller grain sizes employed in this study (≤ 256 m 2 ), the composition of the tree canopy should contribute significantly to the vegetation pattern in the understory. Our results do not support this hypothesis. Finally, we predicted that with increased extent of sampling, the correlation between environment and vegetation should increase. Our data suggest the opposite may be true.
This study confirms that results of vegetation analyses can depend greatly on the grain and extent of the samples employed. Whenever possible, sampling should include a variety of grain sizes and a carefully selected sample extent so as to ensure that the results obtained are robust. Application of the methods used here to a variety of vegetation types could lead to a better understanding of whether different ecological processes typically dominate at different spatial scales.
crucial but separate aspects of spatial scale (see Allen, O'Neill & Hoekstra 1984; Wiens 1989 Wiens , 1990 Norton & Lord 1990) . Grain refers to the lower limit of resolution, be it a crystal on a photographic plate, a pixel in a remotely-sensed image, or a quadrat in a vegetation study. In most vegetation studies, the grain employed is substantially larger than, and proportional to, the size of the life-form of the targeted suite of species. For example, 1 m 2 is a common quadrat size for grassland studies and 1000 m 2 is commonly used for forest investigations. Extent refers to the size of the area over which the individual samples are distributed. Extent can be important because of the spatial autocorrelation inevitably present in vegetation, which in turn results from either spatial autocorrelation in the physical environment, or dispersal processes. A third variable, unrelated to scale, is often considered in the same context as grain and extent; this is intensity, or total area sampled. We will not discuss intensity in this paper.
Few ecologists have systematically examined the implications of varying either grain or extent. Perhaps the best known of the related studies are the mean square / block size investigations conducted by Greig-Smith and his associates (e.g. Greig-Smith 1952; Kershaw & Rouse 1971 ; see reviews by Greig-Smith 1979; Kershaw & Looney 1985 ; Ver Hoef, Cressie & Glenn-Lewin in press). However, their studies were devised, not to look specifically at the importance of grain size in vegetation research, but to determine at which scales changes in the vegetation or its correlations with the environment are most pronounced. That work led to the proposition that in herbaceous communities morphological factors dictate species composition at small scales (5 -20 cm), plant-plant competitive interactions dominate at medium scales (0.25 -1.5 m), and environmental factors are most important at larger scales (> 1.5 m) (see Austin & Nicholls 1988) . Variation in vegetation pattern across multiple scales has also been explored by combining block-variance analysis with principal components analysis (Noy-Meir & Anderson 1971; Walker et al. 1972) .
Few (e.g. Austin & Nicholls 1988; Weir & Wilson 1988; Thórhallsdóttir 1990 ) have sampled vegetation using more than one quadrat size and have compared the results. The only consistent observation from these studies is that the larger quadrats generally show stronger correlations with the measured environmental variation.
Forests of the piedmont of southeastern North America in general, and the Duke Forest in particular, have been studied extensively, and the relationship between their compositional variation and the physical environment is well documented (e.g. Oosting 1942; Nemeth 1968; Peet & Christensen 1980 Palmer 1990a; Farrell & Ware 1991) . Specifically, soil pH, available calcium and available magnesium are well known to correlate strongly with both compositional variation and species diversity when vegetation is sampled at grain sizes of 1000 m 2 over extents of several hundreds of hectares or more. Here we report on the compositional variation of a portion of the forest at smaller scales (≤ 6.6 ha), and the relationship between that compositional variation and measured environmental variables in that limited area.
In this study we examined the understory vegetation of a portion of the Duke Forest located on the North Carolina piedmont to test four specific hypotheses. First, we hypothesized that the correlation between vegetational composition and environment increases with increasing grain (quadrat) size. We expected this to be true because plant-plant interactions are most likely to moderate plant-environment correlations at those small grain sizes where the plants are in intimate contact, and also because the smaller numbers of plants in small quadrats should lead to increased variance due to sampling error. Although the herbaceous understory species do not exhibit the conspicuous clonal growth found in woodlands of the midwestern states (e.g. Whitford 1949), the spatial autocorrelation produced by localized seed rain could still result in reduced predictability of vegetation from environment at small scales (Shmida & Wilson 1985) .
Second, we hypothesized that the environmental factors most highly correlated with species composition and richness should be similar at all grain sizes within the 6.6 ha study area, and should be among the environmental factors strongly correlated with species composition over the much larger extent of the ca. 3500 ha Duke Forest. This hypothesis derived, in part, from the observation of Palmer (1990a) that within the Duke Forest the variables most strongly correlated with large-scale (≥ 1000 m 2 ) vegetation variation (i.e. pH, Ca, Mg) show marked small-scale (≤ 1 m 2 ) variation, although Palmer did observe a marked shift in the correlation structure between scales. Similarity is not as readily testable as difference and might better be viewed as a null hypothesis. However, our goal was not a rigorous statistical test, but only to examine the consistency of vegetation-environment correlations across grain sizes so as to assess whether conspicuous differences in correlations could be found that are inconsistent with this hypothesis.
Our third hypothesis was that at the grain sizes employed in this study (≤ 256 m 2 ), especially the smaller ones, the intensity of tree competition and the species composition of the tree canopy should significantly influence understory species composition. We expected that variation in tree competition and species composition would lead to small-scale differences in resource availability for the forest understory community.
Finally, we hypothesized that with increased extent of sampling the correlation between environment and vegetation should increase. The basis for this hypothesis was simply that because of the spatial autocorrelation in vegetation and in environment, samples spread over a larger area are more likely to capture a larger portion of the range of environmental and vegetational variation.
Our primary motivation for testing these four hypotheses was to determine how the dominant ecological processes in this forest system change with scale of observation, and what implications such scale-dependence has for devising sampling schemes. Further, we view this study as illustrating an approach that, if applied to multiple study areas, might lead to development of a more general understanding of the scales at which specific ecological processes are most important.
Methods

Study site
The study site was located in the Oosting Natural Area of the Duke Forest, Orange County, North Carolina. This second-growth piedmont hardwood forest is dominated by Liriodendron tulipifera (tulip poplar), several Quercus species (primarily Q. rubra and Q. alba; red oak, white oak), Liquidambar styraciflua (sweetgum), several Carya species, (primarily C. tomentosa; mockernut hickory), and Pinus taeda (loblolly pine) and P. echinata (short-leaf pine) (for details see App. 1; also Bornkamm 1975) . Bornkamm (1975) mapped the vegetation of the Oosting Natural Area and identified the vicinity of the study site as supporting a Caryo-Quercetum liquidambaretosum, a community characteristic of poorly-drained upland soils. This community is roughly equivalent to the Dry-Mesic Eutrophic Forest of Peet & Christensen (1980) and the Basic Oak-Hickory Forest of Schafale & Weakley (1990) . The soils that support such vegetation are usually of the Iredell or Orange series, derive from intrusive mafic rock, have higher pH and available calcium than is typical for the region, and have subsoils dominated by shrink-swell, montmorillonitic clays. The mean pH of 6.0 and mean available Ca of 1395 ppm obtained from the 289 soils samples (see App. 2) greatly exceed the median values of around 4.4 and 160 respectively obtained by Peet & Christensen in their survey of Duke Forest vegetation (1980, pers. comm.) . However, the range of values found in this study does fall within the range found in their study.
The study area has been owned and protected by Duke University since the mid-1940s. The relatively even size distribution of the dominant trees, together with the abundance of such typically successional species as Liriodendron and Liquidambar, suggests that the site was largely cutover, probably in the late 1800s. With the exception that a considerable population of small (≈ 3 -10 cm stump diameter) Juniperus virginiana was cut, probably between 1930 and 1950, there is no evidence of disturbance this century.
Study-plot design
The study plot was designed specifically to address questions related to scale and spatial pattern. Presence was recorded for all vascular plant species at grain sizes ≤ 16 m 2 in all 256 grid cells, and at all grain sizes (≤ 256 m 2 ) in the central 100 grid cells. All trees ≥ 2 cm diameter at breast height (DBH) were mapped to the nearest 0.1 m and recorded by species and DBH to the nearest 1 mm. The relative elevation (lowest value set to equal 0.0) of each corner of each 16 m × 16 m grid cell was determined to the nearest cm using a surveyor's transit.
Soil samples were collected as close to each grid cell corner as possible (usually within 5 -10 cm) at a point diagonal to the nested quadrats, for a total of 289 samples. Soil samples were extracted with a stainless steel soil core, 10 cm deep by 4 cm across. Soil samples were analyzed for cation exchange capacity (CEC), pH, percent organic matter content (ORG), bulk density (DNS), and available (Mehlich 3 extractant; Mehlich 1984) sulfur, phosphorus, calcium, magnesium, potassium, sodium, boron, iron, manganese, copper, zinc, and aluminum (see App. 2). Soil analyses were performed by Brookside Farms Laboratory Association, Inc., New Knoxville, OH. These variables include most of the environmental variables variously known or suspected to influence Southeastern piedmont forest vegetation, excepting only nitrogen mineralization rates and the ratio of 1:1 to 2:1 clays (see Peet & Christensen 1980) .
Data summarization and analysis
Outliers in any data set create statistical difficulties due to the disproportionate influence they exert on the outcome of any statistical analysis. To rectify this problem, data are often normalized by various transformations, which reduce the effects of outliers on the analysis. The Shapiro-Wilk statistic (Shapiro & Wilk 1965) was calculated and a frequency distribution was plotted for each soil variable to assess normality of the data. The variables CEC, ORG, S, P, Ca, Mg, Na, B, Fe, Cu, and Zn were subsequently log-transformed, and DNS was exponentially transformed to increase normality and thereby reduce the influence of outliers.
For each grain size, characteristic soil attributes were calculated using block kriging (Journel & Huijbregts 1978; Robertson 1987; Hohn 1988) . Block kriging is a spatial interpolation technique that derives the value of a given variable at a given unsampled point within a matrix of sampled points by interpolating from the surrounding sample points. It takes into account all nearby points, but the closer a point is to the targeted point, the more it is weighted. This is approximately equivalent to taking the weighted mean value for the midpoint of the quadrat. Therefore, the values for the small quadrats were primarily estimated by one sample, and those for the large quadrats primarily by four samples (although more than four were used).
We assume the competitive influence of a canopy tree on understory vegetation varies directly with the size of the tree and inversely with distance from the tree, an approach widely applied in the forestry literature. Lorimer (1983) evaluated many potential indices of tree canopy influence (CI) and found that indices based on stem diameter as a measure of size worked best for predicting the competitive influence of one tree upon another. Tree influence does not extend indefinitely, so for practical reasons we limited tree influence to within a fixed multiple of 8-m canopy radii. The family of indices we used take the form
where CI s = canopy influence of species s, DBH i = diameter at breast height of stem i, DIST i = distance in m from midpoint of a quadrat to stem i, r = width of influence in number of 8 m canopy crown radii, and a and b = fitted constants. Note that we added 0.1 m to all distances to avoid problems with division by zero.
12 variations of CI were tested, including all permutations of a DBH exponent (a) of 1 or 2, a distance exponent (b) of 1, 2, or 3, and a search radius of 16 m or 32 m (r = 1 or 2). The resulting indices were used as the sole environmental variable in 12 separate Detrended Canonical Correspondence Analyses (DCCA; see below, ter Braak 1991) of the species composition data. The formula which resulted in the highest first-axis correspondence between vegetation and environment was selected. This index had a DBH exponent of 2, a distance exponent of 1, and a search radius of 16 m (r = 1). To avoid edge effects in the calculation of canopy influence, only the inner 196 grid cells were included in analyses involving the CI variables.
Canopy influence for the four smallest grain sizes (0.0156 m 2 -1 m 2 ) was assumed to be identical. In order to accommodate variation in canopy influence within the four larger grain sizes (4 -256 m 2 ), CI was calculated for the center of each square meter within a given size plot, and the separate values were averaged. In addition to total canopy influence, the canopy influences of the five dominant genera of trees in the plot (see App. 1; Carya, Liquidambar, Liriodendron, Pinus, Quercus) were calculated separately in order to compare the influences of the principal early (Liquidambar, Liriodendron, Pinus) and late (Carya, Quercus) successional species.
Because, for the two largest grain sizes (64 m 2 and 256 m 2 ), species composition data were available only for the central 100 grid cells, all analyses were performed with two different sample sizes. The inner 196 cells (hereafter, the '196-cell data set') were used at grain sizes 0.0156 m 2 -16 m 2 so as to provide the maximum possible sample size and extent, and the inner 100 cells (hereafter, the '100-cell data set') were used at all eight grain sizes (0.0156 m 2 -256 m 2 ) in order to use the full range of grain sizes available.
Extent was varied by distributing 64 grid cells of the 16 m 2 grain size over two different expanses of the plot.
Four replicates of each were tested. For the smaller extent, the 64 cells were contiguous in each of the four quadrants of the plot respectively (CN1 -CN4). For the larger extent, the 64 cells were distributed in four regular grids (GRA-GRD) over the entire 256 m × 256 m area (actually 240 m × 240 m) by selecting every other grid square, each of the four small grids originating in one of the four corners of the large grid. The 16-m 2 grain size was chosen for the study of extent because it was the largest grain size sampled over the entire plot area, and thus provided the greatest amount of data.
In order to avoid the potential circularity of canopy species predicting themselves, analyses of vegetation response included only 'obligate' understory species, where 'obligate' understory species are defined as those species present in the data set but which do not occur in the tree map data set and, therefore, are known to be confined to the understory.
Direct and indirect gradient analysis methods were used to identify correspondence between the environmental variables and species composition. Detrended Correspondence Analysis (DCA), an indirect gradient method, maximizes the separation between stands along ordination axes based on species composition, and has been shown to be a powerful tool for detecting pattern in communities (Hill & Gauch 1980; . Canonical Correspondence Analysis (CCA) and Detrended Canonical Correspondence Analysis (DCCA), direct gradient methods, constrain the vegetation pattern extracted to be a linear combination of the measured environmental variables, and are thus valuable compliments to DCA for identification of significant environmental variables (ter Braak 1986 (ter Braak , 1987a . Only axes 1, 2, and 3 are presented in the Results and Discussion sections because the fourth axes had consistently small eigenvalues.
Monte Carlo permutation tests were used to assess the significance of the DCA and DCCA ordination axes. These tests randomly assign environmental data to the vegetation data and calculate the magnitude of the eigenvalue for each replication. If 95 % of the eigenvalues are less than the observed eigenvalue, then the axis can be viewed as significant. With this method, ordination axes are entered as covariables successively, one at a time until the result is no longer significant. For example, if on the first run axis 1 were found to be significant, then in the next run variation attributable to axis 1 would be partialed out as a covariable in order to test the significance of axis 2. If axis 2 were found to be significant, in the next run axes 1 and 2 would be designated covariables in order to assess the significance of axis 3, and so on.
Ordinations and Monte Carlo tests were performed using the program CANOCO (version 3.12; ter Braak 1987b ter Braak , 1991 , which has been demonstrated to be a robust method for these purposes (Palmer 1990c) . Soil, topographic, and canopy influence variables were individually regressed on the first three ordination axes to assess significance of the multiple correlation of each variable with the ordination axes. Statistical analyses were conducted using SAS version 6.06 (Anon. 1990 ).
Results
Vegetation-environment correlations
Multiple correlations between the first three DCA axes and the individual environmental variables were generally higher at the larger grain sizes, both for the 100-and 196-cell data sets (Table 1 ). In addition, the number of significant environmental variables (or gradients) extracted by CCA, which is indicated by the number of significant ordination axes, also increased with grain size (Table 2 ). Both of these results support our first hypothesis that the correlation between vegetation and environment increases with increasing grain size.
Nearly all environmental variables were significantly correlated with species composition for at least one grain size. However, the particular variables that showed significant correlation differed between grain sizes, and no overall pattern was evident (Table 1 ). This result contradicts hypothesis 2, that environmental variables strongly correlated with vegetation should be consistent across grain sizes.
The environmental variables that most consistently showed significant correlations with species composition generally differed, even at large grain sizes, from those previously shown to be strongly correlated with species composition in nearby piedmont forests (i.e. pH and available calcium; see Peet & Christensen 1980; Palmer 1990a ). Elevation, iron, manganese, and aluminum showed the most consistent correlations with the DCA axes; these were significant at all six grain sizes in the 196-cell data set, and at three to four of the largest grain sizes in the 100-cell data set (Table 1) .
Canopy influence
Correlations of canopy influence (CI) with understory species composition were weak and inconsistent with respect to grain size (Table 1) . While particular CI variables were significant at various grain sizes in each data set, there was no indication at any grain size that the species composition of the canopy near a sample was a major determinant of understory species composition.
As with the vegetation-environment correlations, the CI vegetation correlations were higher at larger grain sizes (Table 1) . Some correlation between CI and understory vegetation was anticipated for all scales because both depend, to some extent, on the same soil variables. However, the higher CI-vegetation correlations at larger grain sizes were unexpected because canopy tree influence was anticipated to be important only at a scale smaller than or equal to that of the individual tree.
Correlations of total canopy influence (CI summed across all species) with understory composition were consistently weak and insignificant (Table 1) . We found no indication in our data that the density or size of nearby trees influenced understory composition.
Sample extent
The particular environmental variables showing strong correlations with species composition were not consistent between the four quadrants of the plot. The south-west quadrant (CN1), wherein a small stream occurred, deviated most dramatically from the other three (Table 3 ). The chance occurrence of extreme values of one environmental gradient, here topographic position, can mask the importance of other variables. The above example illustrates the importance of choice of sample area and matching the extent of the sampling with the objective of the study. ELE; see Table 1 ).
The observed correlations between the first three DCA axes and the environmental variables were weaker for the data sets with the larger extent (Table 3) , a result in direct conflict with our fourth hypothesis. These results may reflect a greater complexity of gradient The vegetation by environment correlation matrices for the four replicates at the large (240 m × 240 m) extent were less consistent than expected (Table 3) , but the variables with the strongest correlations were generally the same as those with the strongest correlations when using the full 196-and 100-cell data sets (Fe, Mn, Al, structure at large scales with more interactions between the environmental variables. This could have the effect that specific relationships between vegetation and environment might be less readily detected using simple measures of correlation. Alternatively, we may have failed to measure one or more variables that are particularly important for explanation of composition at large extents.
Discussion
Vegetation-environment correlations
Our first hypothesis, that the correlation between vegetation and environment should increase with increasing grain size, was supported by our results. This was found both with respect to the number of significant correlations of environmental variables with the DCA axes and the number of significant orthogonal axes extracted using CCA (i.e. independent environmental gradients). Further, the specific factors strongly correlated with vegetation changed with grain size.
The decline in correlation between vegetation and environment at small scales might be attributable to plant-plant interactions. Such interactions are most likely to moderate plant-environment correlations at those small grain sizes where the plants are in physical contact or are competing for the same resource supplies. We might expect the decline in vegetationenvironment correlations with grain size to be most pronounced for herbs and woody seedlings because Table 3 . Coefficients of multiple determination of environmental variables as predicted by DCA axes 1, 2 and 3 for four replicates at two different extents. CN1 -CN4 are the four replicates at a 128 m × 128 m extent; GRA-GRD are the four replicates at a 240 m × 240 m extent; 0 -15 represents the use of all 256 grid cells in the DCA ordination, and is included for comparison purposes. * = p < 0.05; ** = p < 0.01; *** = p < 0.001. their small root systems constrain physical interactions to small areas. At large grain sizes, direct plant-plant interaction effects are averaged out and the overall compositional patterns reflect primarily the broader, coarsergrained variations of the physical environment. However, while block variance studies (see Greig-Smith 1979; Kershaw & Looney 1985) have shown smallscale plant-plant interactions to be important in some herb-dominated vegetation, to date there is little evidence of plant-plant interactions influencing composi-tion of woodland herb communities. For example, Rogers (1983) sought evidence of competitive interaction in small woodland plots (10 cm × 20 cm, 50 cm × 100 cm), but without success. The increase in the number of significant environmental variables (or 'gradients') with increased grain size could also be a consequence of sampling error. With small grain sizes, only a few plants fit in a sample, and in that case chance alone will greatly influence which ones are included. The inclusion of many species, which is possible only with the larger samples obtained at large grain sizes, is probably necessary to detect subtle patterns.
The small grain size of the soil samples (ca. 10 cm diameter) makes them susceptible to influence by smallscale soil variation. The high variance and small number of soil samples, coupled with their relatively wide spacing (16 m), could result in errors in the estimation of mean quadrat values. Because one small grain sample cannot adequately represent the entire grid cell, it is inevitable that at larger quadrat sizes much of the smallscale variation in soil variables will be averaged or missed altogether (Palmer 1990a; Lechowicz & Bell 1991) . However, the soil values for the large-grain samples were based less on a single sample and more on an average of several samples than were the small-grain samples, which could partially explain the higher plantsoil correlations at larger grain sizes.
Most previous studies have implicitly assumed that the emergent patterns of association between vegetation and environment are consistent across a wide range of spatial scales, an assumption called into question by our results. Palmer has similarly found different vegetation -environment patterns at different scales of observation. By observing understory vegetation both within and among 0.1-ha plots, he found that the small-scale (within plot) patterns were not miniature versions of the largescale (among plot) patterns. Our findings and Palmer's imply that extrapolation between spatial scales of factors strongly correlated with vegetation composition is dangerous and likely to lead to errors in interpretation.
Dominant environmental factors
Earlier studies of piedmont forests in general (e.g. Nemeth 1968; Farrell & Ware 1991) , and the Duke Forest in particular (e.g. Peet & Christensen 1980; Palmer 1990a) , have found compositional variation to be strongly correlated with soil pH, calcium, and magnesium. The results of the present study are not consistent with these earlier findings. Instead, the soil variables that are most strongly correlated with the vegetation are aluminum, iron and manganese. While our analyses show pH and cation availability to be significantly correlated with vegetation patterns, these correlations are inconsistent across grain sizes and not as strong as those with Al, Fe, and Mn (Table 1) .
The differences between the environmental correlations found in this study and those described in earlier investigations of piedmont forests could be the result of at least two factors. First, this site might simply be edaphically unusual. Ultramafic and diabase intrusions, although uncommon, do occur in the Duke Forest, and the discontinuous occurrence of these rock types in the plot could be responsible for the unusual correlations (Mann et al. 1965; Allen & Wilson 1968; Butler & Secor 1991; Ragland 1991) . While the presence of an ultramafic intrusion within the plot cannot easily be confirmed, the high average pH, high Mg/Ca ratio and relatively high values of Cu, Fe, Mn and Zn all suggest the possibility (App. 2). The Mg/Ca ratio tends to be greater along the ridge on the eastern edge of the plot than elsewhere, and this ratio is also significantly correlated with high concentrations of Cu, Fe, Mn and Zn. In addition, the occurrence of certain species in the plot suggests unusual parent material. For example, Asimina triloba (Pawpaw), typically a calcicole found in floodplains, occurs on the ridge.
A second and related possibility is that the difference is a consequence of the difference in spatial extents of the various studies. Earlier investigations looked at forest community variation over thousands of hectares scattered over several disjunct areas. The present study examines variation over an extent of 6.6 contiguous ha. At a small extent the occurrence of some unusual environmental condition, like an ultramafic intrusion, would have a large effect. In a study of much greater spatial extent, or with a larger range of environmental conditions, uncommon local variations would be less important.
In the present study elevation was strongly correlated with vegetation. However, in previous studies of piedmont forests elevation has generally been found to have little or no correlation with vegetation. The difference is explainable in terms of extent of sample. As Whittaker (1956 Whittaker ( , 1960 and Austin, Cunningham & Fleming (1984) have explained, topography is not strictly an environmental variable, but instead acts as a surrogate for a complex array of intercorrelated environmental variables which together can greatly influence plant distribution. In this case, elevation probably relates strongly to soil moisture and nutrient availability. Elevation increases by 10 m from the lowest point, a stream in the south-west corner, to the highest point on top of a small ridge along the eastern edge (Fig. 1) . In effect, elevation at the extent of the present study is a surrogate for topographic position along a gradient from hill top to stream bottom. However, over the greater extents sampled in previous studies, topographic posi-gaps were present, the understory would almost certainly reflect the localized relaxation in competition.
Sample extent
All vegetation exhibits local variation, and the larger the extent of vegetation sampled, the more such local variation is likely to be included. We observed patterns in data sets derived from four contiguous 64-cell samples, four overlapping 64-cell samples, the central 100-cell sample and the central 196-cell sample. Even though the data all came from the same 256 m × 256 m plot, and grain size was kept consistent, there were major differences in the results obtained using these different data sets. Many of the differences were probably due to differences in extent. The 100-cell sample was different from the 196-cell sample for the same reason that the south-west corner 64-cell sample differed from the other 64-cell samples: the small stream present in one corner of the overall plot. When a data set included the area around this stream, the different environmental conditions that the stream introduced distorted and partially obscured the other gradients extracted in the analysis. The impact of the chance inclusion of a small but unusual portion of our relatively small 6.6-ha area illustrates how a modest change in extent of sampling can have a large effect on the results obtained.
We hypothesized that sampling over a larger area, or extent, would yield higher correlations between vegetation and environment because the samples would be likely to capture a larger portion of the range of variation in vegetation and environment. When we tested this, we found that the vegetation-environment correlations did not increase with increased extent. This may simply reflect the greater complexity of the data and the larger number of interacting factors encountered when samtion was not strongly correlated with elevation because the average background elevation shifted across the extent of the study area.
Canopy influence
Our results did not support the expectation that the intensity of tree competition and the species composition of the overstory would contribute to the distributional patterns of the understory. The failure of both the species-specific canopy influence and the total canopy influence variables to correlate strongly or consistently with ordination axes suggests that the canopy trees have little effect on the distribution of the understory vegetation. One possible explanation is that the canopy trees and the understory plants are both correlated with the same soil and topographic variables, with the result that correlations with the canopy trees contribute little new information on the understory composition. Further, canopy trees, being long-lived individuals, are more likely to reflect past chance disturbance events than the present environmental conditions, with which the shorterlived herbs are more likely to be in equilibrium. Thus, the understory can be expected to show stronger correlations with the environment than would the canopy.
Another possibility is that the distribution of canopy influence across the plot may be relatively constant owing to greater growth of trees where resources are in greater supply. Perhaps trees grow until the background resource supplies are drawn down to a consistent, growthlimiting level (e.g. Tilman 1982) . In this event, local effects of individual canopy trees on the understory directly below would not be detected due to the low level of variation in the CI variables. This explanation requires that the overall canopy closure is relatively constant and that large gaps are uncommon. If large Fig. 1 . Topography of the sample plot. X-and Yaxes represent the physical boundaries of the plot grid; the Z-axis represents relative elevation. The griding interpolation method is kriging, and the actual grid was smoothed using cubic spline interpolation in order to eliminate its original angular appearance. The X-axis points almost due north. A stream is present at the southwestern corner of the grid, and a ridge runs just inside the eastern edge.
ples are collected over a larger area.
Vegetation samples can be concentrated in one area or spread over a larger area, and there are potential advantages to both strategies. Our results suggest that concentration of samples in one area may lead to lower generality with respect to regional patterns, but it may serve to keep the data simple enough to be readily interpretable, and may thus allow some locally important processes to be detected that otherwise would be masked by more widely varying factors.
Conclusions
Ecologists wishing to study relationships between vegetation and environment must inevitably make decisions about the grain size and extent of the samples they use. Our results show that these decisions, while often made in a casual manner, can greatly influence the strength and nature of the vegetation-environment relationships observed. Substantial variation in vegetation structure can be overlooked by examining vegetation at only one grain size or one extent. Investigators must be aware of the scale-related limitations of any study. The inclusion of multiple scales of observation in ecological investigations through involvement of several grain sizes, several extents, or both, can be critical for understanding vegetation patterns and processes. 
